For the last 30 years, coronary angiography has been the definitive method of evaluating coronary artery anatomy. The introduction of percutaneous coronary revascularisation and the growing appreciation of the pathophysiological and prognostic importance of arterial wall morphology have led to the realisation that angiography is inherently limited in defining the distribution and extent of coronary wall disease and in accurately measuring irregular lumina. Intravascular ultrasound has been developed in direct response to these demands and after a period of technical evolution now offers a highly informative complementary method of imaging the coronary arteries.
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Correspondence to: Dr P P Kearney. Technical considerations Intravascular imaging creates complex new demands in transducer design and manufacture, but despite this a range of effective miniaturised transducers has been developed which can be used to image vessels of < 10 mm internal lumen diameter. The necessary reduction in transducer size decreases both power output and sensitivity, and in addition reduces the length of the "near field" where beam width and hence lateral resolution is stable. Fortunately, lateral resolution is proportional to transducer diameter and improves within the near field as transducer size decreases. The near field is lengthened by increasing transmitter carrier frequency. The limited power and sensitivity of the miniaturised transducer and greater attenuation of higher frequency signals is mitigated by low attenuation and effective acoustic coupling in the blood filled lumen and the short distances interrogated. Both Ultrasonic appearance of the normal arterial wall Arteries may be categorised on the basis of the histology of the media. The larger, central components of the arterial tree (aorta, carotids, common iliac and pulmonary arteries) are "elastic" arteries, so called because their media is composed of sheets of smooth muscle cells separated by multiple lamellae of elastin and collagen. On the other hand, connective tissue is relatively sparse in "muscular" arteries, such as the external iliac, femoral, renal, mesenteric, and coronary arteries. Identification of the outer border of the vessel with ultrasound depends on the presence of an ultrasonic interface between the outer layers of the vessel wall. ' The media of muscular arteries appears as a distinct hypoechoic layer, sandwiched between the relatively more echodense intima and adventitia, giving rise to the so called three layer appearance ( fig 1A) ." A high concentration of smooth muscle cells in the adventitia or fibrous degeneration of the media may lead to ultrasonic homogeneity and a poorly delimited outer border in muscular arteries. 4 The outer border of elastic arteries is usually ill defined because of the high echogenicity of the elastic media and absence of an acoustic interface, unless provided by hypoechoic adventitia composed of loose connective tissue. 3 Medial thickness is thus difficult to assess with intracoronary ultrasound. The thickness of the inner echogenic layer, conventionally interpreted as intima, correlates more closely with the combined thickness of intima and media, possibly because of collagen accumulation within the media.5 Trailing edge "blooming" of echoes from the highly reflective internal elastic lamina also increases the width of intimal echoes. Conversely, the width of the media may be overestimated by limited grey scale assignation in ultrasound systems with a narrow dynamic range, leading to an artefactually wide sonolucent zone deep to the intimal leading edge.6 In normal coronary arteries in young subjects, in which intimal thickness is less than the resolving power of the imaging system, the intima may not be visible.7
Vessel and plaque area measurement In view of the difficulties encountered in identifying the inner border of the media, vessel cross sectional area is best measured by tracing the outer perimeter of the echolucent layer (the so called external elastic lamina area), to encompass intima + media and lumen area. Calcium is distinguished by a highly echodense leading edge and distal acoustic shadowing. In this image a small eccentric calcific plaque is seen from 7 to 11 o'clock with characteristic reverberations radiating outward within the acoustic shadow. (D) Lipid accumulations or "atheroma" may be identified as echolucent zones within the body of a plaque. In this unstable lesion, a semilunar echolucent area, characteristic of a lipid pool, is evident within a large eccentric plaque (11 to 7 o'clock). The catheter blank occupies much of a small eccentricaUly placed lumen (7 to 11 o'clock) which is separatedfrom the lipid pool by a thin fibrous cap (arrow head). (E) Intracoronary thrombus may have a granularfinely speckled ultrasound appearance. This patient with an impending infarction due to thrombotic subtotal occlusion of the mid right coronary artery had reaccumulation of thrombus (seen here separating the catheter blank from the remainder of a large lumen) after intracoronary thrombolytic therapy.
"Plaque", "lesion", or "intimal" cross sectional area is calculated from the difference of vessel and lumen areas (fig 2) . The vessel cross sectional area stenosis (intima + medial area divided by vessel area x 100) measured from intracoronary ultrasound images or histological sections is inherently different from angiographically assessed "percentage stenosis", an expression of luminal narrowing at the stenosis De Scheerder'4 0-92 A systematic bias in the opposite direction has also been documented. In angiographically normal arteries, St Goar et al found a close correlation between angiographic and intracoronary ultrasound dimensions, but 83% of ultrasound measurements were above the line of identity.'6 Porter et al, in a study of angiographically mildly diseased 'coronary arteries, found a moderate linear correlation between angiographic and ultrasound measurements of diameter (r = 0-59), but ultrasound measurements tended to be larger.'2 Tobis et al found a poor correlation between intracoronary ultrasound and angiographic measurements for normal reference segments (r = 026) which further deteriorated after angioplasty (r = 0 12)."1 Although frequently cited as an example of the marked discrepancy that may occur between angiographic and intracoronary ultrasound assessments of irregular lumina, the ultrasound measurement of lumen area at-the angioplasty site was 33% larger than lumen area calculated from angiographic diameters. A similar pattern has been reported in several later intracoronary ultrasound studies of different coronary interventions. ' quantitating dissections and also to the heterogeneity of angiographic appearances after percutaneous transluminal angioplasty (PTCA) that are described by the term "dissection". Plaque tears are identified twice as often by ultrasound as by angiography. 18 38 Detailed geometric analysis of intracoronary ultrasound images of plaques before dilatation can identify stress points where plaque rupture is likely to occur53 and the size and location of dissections relates to the presence of calcification, probably as a result of increased local shear stress at the junction of compliant and non-compliant plaque components.54 The positive contribution of dissection to lumen gain is supported by data documenting a 30% greater increase in lumen area in lesions with tears than in those that appear to have a smooth walled dilatation.'8 Perinterventional imaging using a combination balloon/intravascular ultrasound catheter in peripheral vessels has shown that plaques began to tear at low inflation pressure ( < 2 atmospheres) and that elastic recoil (averaging 30%) occurs almost immediately after balloon deflation.55
Plaque fracture does not lead to an increase in lumen area unless a concomitant increase in overall vessel size (vessel expansion) or decrease in plaque area (compression, axial remodelling, or displacement) occurs. Vessel expansion or stretch is operative in most cases of coronary angioplasty, and plaque area reduction appears to play a minor role56 with the possible exception of unstable lesions. 46 In contrast, plaque compression appears to be the major contributor to lumen gain in peripheral vessels. 57 The proportion of patients reported to have dissections after angioplasty is very variable, ranging from 41%18 to 83%. 58 accurate sizing of the balloon and positioning of the stent with respect to the lesion or dissection membrane is afforded by ultrasonic guidance (fig 5) . A recent observational study has reported the acute outcome of stent insertion guided by intracoronary ultrasound.64
Despite angiographic success (comparable in absolute terms to that documented in previous stent trials), 80% of lesions were adjudged to be suboptimally dilated by ultrasound criteria and underwent repeat dilatation at higher pressures or with larger balloons. Minimum intrastent cross sectional area increased by one third following repeat dilatation. An equivalent increase in angiographic minimum lumen diameter (MLD) of 14% was evident on postprocedural quantitative angiography and reduction of residual stenosis from 9% to -4%, but importantly angiographic measurements were larger than intracoronary ultrasound measuremenfts of minor lumen diameters. Lumen eccentricity was not significantly improved after repeat dilatation, and incomplete apposition of stent struts was infrequently documented. Sizing decisions based on vessel cross sectional area have recently been abandoned by this group of investigators in favour of reference to lumen area proximal and distal to the lesion, since reference to vessel area in compensated segments may lead to balloon oversizing with adverse consequences.
Mudra et al65 found a substantial overestimation of minimum lumen diameter by quantitative coronary angiography relative to intracoronary ultrasound measurements both after initial stent insertion and after further dilatation as a result of lumen eccentricity and incomplete strut apposition. Minimum lumen diameter increased by 25% following ultrasound guidance. A comparison of the angiographic outcome in lesions undergoing stenting guided by intracoronary ultrasound with lesions undergoing standard stent insertion revealed a final MLD of 2-95 mm and percent stenosis of -4% in the ultrasound guided group compared to 2 56 mm and 1 1% respectively in the standard group.66 Transient distal vessel spasm occurred more frequently in the ultrasound guided group, but there was no increase in dissections or vessel wall perforation.
Despite these encouraging results, neither acute nor long term clinical outcome has been shown to be improved by ultrasound guidance of stent insertion. Larger intrastent dimensions and absence of intrastent stenosis provides the rheologic conditions that may reduce subacute thrombosis and possibly restenosis rates. A strategy of dispensing with anticoagulation following optimal stent insertion, associated with a low incidence of thrombotic and haemorrhagic complications, has been adopted both with67 and without ultrasound guidance.68 A 
Clinical utiity
There is much debate on whether the great deal of new information afforded by intracoronary ultrasound will translate into demonstrable clinical benefit, a point of pressing importance as the technique is undeniably costly, has the attendant risks of an invasive procedure, and can add substantially to the costs and duration of coronary interventions by revealing the apparent need for further intervention. The small and non-randomised investigations of the last four years conducted with earlier versions of scanning technology have not provided evidence to support an indispensible role for intracoronary ultrasound in routine clinical practice, but a number of large randomised trials designed to answer these questions are currently under way. Work published to date strongly supports the following applications of the technique.
(1) Clarification of ambiguous angiographic appearances Intracoronary ultrasound is of undoubted benefit in clarifying anatomy in cases of ostial or very short "napkin ring" stenoses, and where branch overlap or lumen eccentricity obscures the area of interest. Conversely, Honye et al concluded that smooth walled dilatation was significantly more likely to lead to restenosis, but in this study only those who had recurrent symptoms (20%) underwent angiographic follow up. 61 Mintz et al have reported preliminary follow up of 124 patients undergoing PTCA, DCA, rotational atherectomy, stent insertion, and laser angioplasty. Angiographic restenosis (defined as a > 50% stenosis at a six month angiographic follow up) was associated with smaller minimum lumen area after intervention, and, contrary to angiographic data, with lower rather than higher acute luminal gain, an observation consistent with the "bigger is better" hypothesis.75 Calcification and dissections were also more prevalent in those who restenosed. The PICTURE and GUIDE II trials are multicentre studies that have enrolled 200 and 250 patients respectively to assess the predictive value of the morphological and quantitative findings of intracoronary ultrasound immediately after intervention. Both studies are nearing completion and it is expected that they will be reported during 1995. A small number of reference centres evaluate all balloon angioplasty procedures with ultrasound; we frequently study angiographically "hazy" lesions in which the degree of lumen gain is uncertain with intracoronary ultrasound, but as with the majority of its clinical indications formal justification for either approach is required.
(4) Ultrasound guidance ofstent insertion Discussed in detail in a preceding section, this is an extensively studied and particularly promising application of ultrasound. Incomplete stent expansion is frequently revealed allowing an informed approach to safely maximising the stent cross sectional area with the appropriately sized (diameter and length) balloon. In the absence of outcome data, we routinely perform ultrasound before and after stent insertion, although a more selective approach in cases of uncertain angiographic appearances may prove sufficient. In the ASSURE trial (Adjunctive Stenting in Suboptimal Ultrasound Result) we are randomising all patients with angiographically successful angioplasty but incomplete dilatation by ultrasound criteria to either stenting or no further intervention as a potential strategy to reduce restenosis with selective stenting. 
